Rationale: Diabetic autonomic neuropathy (DAN), a major complication of diabetes mellitus, is characterized, in part, by impaired cardiac parasympathetic responsiveness. Parasympathetic stimulation of the heart involves activation of an acetylcholine-gated K ؉ current, I KAch , via a (GIRK1) 2 /(GIRK4) 2 K ؉ channel. Sterol regulatory element binding protein-1 (SREBP-1) is a lipid-sensitive transcription factor. Objective: We describe a unique SREBP-1-dependent mechanism for insulin regulation of cardiac parasympathetic response in a mouse model for DAN. Methods and Results: Using implantable EKG transmitters, we demonstrated that compared with wild-type, Ins2 Akita type I diabetic mice demonstrated a decrease in the negative chronotropic response to carbamylcholine characterized by a 2.4-fold decrease in the duration of bradycardia, a 52؎8% decrease in atrial expression of GIRK1 (P<0.01), and a 31.3؎2.1% decrease in SREBP-1 (P<0.05). Whole-cell patch-clamp studies of atrial myocytes from Akita mice exhibited a markedly decreased carbamylcholine stimulation of I KAch with a peak value of ؊181؎31 pA/pF compared with ؊451؎62 pA/pF (P<0.01) in cells from wild-type mice. Western blot analysis of extracts of Akita mice demonstrated that insulin treatment increased the expression of GIRK1, SREBP-1, and I KAch activity in atrial myocytes from these mice to levels in wild-type mice. Insulin treatment of cultured atrial myocytes stimulated GIRK1 expression 2.68؎0.12-fold (P<0.01), which was reversed by overexpression of dominant negative SREBP-1. Finally, adenoviral expression of SREBP-1 in Akita atrial myocytes reversed the impaired I KAch to levels in cells from wild-type mice. Conclusions: These results support a unique molecular mechanism for insulin regulation of GIRK1 expression and parasympathetic response via SREBP-1, which might play a role in the pathogenesis of DAN in response to insulin deficiency in the diabetic heart. (Circ Res. 2009;105:287-294.)
D iabetes mellitus is associated with severe debilitating complications that include a diabetic autonomic neuropathy (DAN) characterized by impairment of vascular reflexes, occasional hypotension, and decreased sympathetic and parasympathetic responsiveness of the heart. 1 Approximately 50% of patients with diabetes for 10 years or more demonstrate an impaired response of the heart to parasympathetic stimulation. 2 The presence of DAN is a significant risk factor, as demonstrated by a 5-fold higher 5-year mortality compared with diabetics without DAN. 3 Parasympathetic regulation of the heart has both a neuronal component involving vagal stimulation of parasympathetic ganglia in the atria and atrioventricular node, followed by release of acetylcholine, and a molecular component involving an intrinsic cardiac signaling pathway that mediates the parasympathetic response to acetylcholine. The latter involves the binding of acetylcholine to M 2 muscarinic receptors on the surface of cardiomyocytes and dissociation of the heterotrimeric G protein G i2 into G␣ i2 and G␤␥ subunits. G␤␥ binds to and activates the G protein-coupled inward rectifying K ϩ channel (GIRK1) 2 /(GIRK4) 2 , the channel that is responsible for I KAch (acetylcholine-gated K ϩ current), resulting in a decrease in the rate of diastolic depolarization and a decrease in heart rate (negative chronotropic effect). 4, 5 Changes in levels of expression of M 2 and G␣ i2 in the heart have been shown to play a role in determining the magnitude of the parasympathetic response. 6 -8 Sterol regulatory element binding proteins (SREBPs) are a family of 3 transcription factors that regulate expression of genes involved in lipid homeostasis and glucose metabolism. SREBPs are synthesized in the endoplasmic reticulum as 130-kDa precursor molecules that are transported to the Golgi, where they are processed via a 2-step sequential proteolytic cleavage to produce a 480-aa transcription factor that is transported to the nucleus. 9, 10 The expression, transport, and processing of these proteins are subject to feedback regulation by sterols. SREBP-1 levels have been shown to be regulated by insulin. 10 -12 The Ins2 Akita diabetic mouse is characterized by a point mutation in the proinsulin ins2 gene (Ins2 Cys96Tyr ), which interferes with the transport of ins1 and ins2, resulting in destruction of islet cells and development of the diabetic phenotype. 13 Heterozygous males may survive untreated for up to a year, making them a good model for the study of secondary effects of diabetes. 14 The autonomic dysfunction associated with diabetes mellitus has been attributed to effects of hyperglycemia on neuronal survival and neuronal function. 15 Here, we show that the Akita type 1 diabetic mouse demonstrates a decreased response of the heart to parasympathetic stimulation characteristic of DAN associated with a decrease in expression of SREBP-1 and GIRK1 in the atrium. Our data support a new molecular mechanism for the impaired parasympathetic response in the diabetic heart and a unique relationship among insulin, lipid homeostasis, and the parasympathetic response, which might serve as a new therapeutic target for the treatment of DAN.
Methods
Detailed experimental protocols are described in the expanded Materials and Methods section in the online data supplement, available at http://circres.ahajournals.org.
Animals
The heterozygous male Akita Ins2 Cys96Tyr mice and littermate wild-type (WT) mice were from The Jackson Laboratory. All vertebrate animal-related procedures described were approved by the Tufts Medical Center Institutional Animal Care Committee.
Cell Culture
Embryonic chick atrial myocytes were cultured as described. 16 Atrial myocytes from mouse atria were prepared by a retrograde Langendorff perfusion method as described. 17 
ECG Monitoring in Conscious Mice
An implantable wireless radiofrequency transmitter was inserted, and the ECG signal was recorded with the use of a telemetry receiver and an analog-to-digital acquisition system (Data Sciences International). 18
Western Blot Analysis
To determine GIRK1 and SREBP-1 levels, Western blot analysis was carried out as described previously. 17 A GIRK1-specific antibody from Alomone Labs (Jerusalem, Israel) and SREBP-1 antibodies from Santa Cruz Biotechnology were used.
Cellular Electrophysiology
Membrane currents were measured by the patch-clamp technique in whole-cell mode using an LM-EPC7 amplifier as described. 17 
Echocardiography
Echocardiographic studies were performed as described previously. 19 
Statistical Analysis
All values are expressed as meansϮSEM. Statistical differences between mean values were calculated by ANOVA, followed by Bonferroni's test for unpaired comparisons where appropriate. For comparison of WT and diabetic (DM) mice, Student's t test was applied. The effect of insulin treatment on DM mice was assessed using a paired t test. A 2-tailed probability value of Յ0.05 was considered significant.
Results

Metabolic State and Left Ventricular Structure and Function in Akita Type 1 DM Mice
Blood glucose in Akita DM mice increased from 294Ϯ16 mg/dL (nϭ13) at 4 weeks of age, reaching a plateau varying 
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Ad-GFP-␤gal adenovirus expressing green fluorescent protein plus ␤-galactosidase Table I ). Echocardiographic analysis demonstrated no significant differences in left ventricular end diastolic dimension, left ventricular end systolic dimension, fractional shortening, ejection fraction, or resting heart rate in Akita DM mice compared to WT mice (Online Table II ).
The Ins2 Akita Mouse Demonstrates Parasympathetic Dysfunction
To determine whether type 1 diabetic Akita mice develop parasympathetic dysfunction, 10 conscious male WT mice 6 months of age with an average serum glucose level of 125Ϯ20 mg/dL and 10 littermate male Akita mice with average serum glucose Ͼ500 mg/dL were pretreated with propranolol to block ␤-adrenergic reflex responses to carbamylcholine. Propranolol blockade at this concentration has been shown to persist in mice for up to 2 hours. 20 Animals were subsequently challenged with the nonhydrolyzable acetylcholine analog carbamylcholine, and heart rate was determined using implantable ECG transmitters. The effects of carbamylcholine on heart rate were significantly decreased in the Akita mouse. The duration of bradycardia was 5.2Ϯ0.51 minutes in the Akita mouse compared to 12.6Ϯ1.07 minutes in WT mice (PϽ0.001; Figure 1A and 1B). Following carbamylcholine treatment, heart rate recovered to 80% of pretreatment levels significantly faster in Akita mice, 7.4Ϯ1.03 minutes, compared to 13.6Ϯ1.96 minutes in WT mice (PϽ0.05; Figure 1A and 1D), and the slope of recovery of heart rate was much steeper 36.4Ϯ4.85 bpm in the Akita mouse versus 23.5Ϯ2.73 bpm in the WT mouse (PϽ0.05). Finally, the absolute decrease in heart rate in response to carbamylcholine was 285.5Ϯ16.07 bpm in Akita mice, compared to 348.5Ϯ21.27 bpm in WT mice (PϽ0.05; Figure 1A and 1C). We also noted that compared to WT, there was a tendency to a decreased initial heart rate in the Akita mice, which might be attributable to a decreased intrinsic heart rate (heart rate in the absence of autonomic stimulation) in the diabetic heart.
I KAch Is Decreased in Dissociated Atrial Myocytes From Akita DM Mice
To determine whether the decreased response of heart rate to carbamylcholine in the Akita mouse was associated with a decrease in I KAch , we compared membrane currents in atrial myocytes from Akita and WT mice. Rod-shaped cells from atria of Akita mice 4 months of age remained viable for up to 48 hours in culture medium, demonstrating clearly defined striations and spontaneous contractions with stable resting membrane potentials. The current-voltage (I-V) relationships derived from membrane currents in these cells demonstrated that myocytes from atria of adult Akita mice exhibited a markedly decreased carbamylcholine stimulation of I KAch with a peak value of Ϫ181Ϯ31 pA/pF (nϭ5) compared to Ϫ451Ϯ62 pA/pF (nϭ5, PϽ0.01) for cells from WT mice (Figure 2A and 2B). (1). Current in a typical atrial myocyte with and without 20 mol/L carbamylcholine (2) . Current generated by subtracting curves (1) from (2) (3). B, I-V plots constructed from a series of data points in A, (3) . Data are the mean of 5 determinations each from 3 Akita and 3 WT mice. C, Western blot analysis of GIRK1 expression in atria of WT and Akita mice. D, Densitometric analysis of both glycosylated (64-kDa) and unglycosylated (52-kDa) GIRK1 bands determined by autoradiographs from 6 WT and 6 Akita mice normalized to the expression of G␤. **PϽ0.01.
Atria of Akita DM Mice Demonstrate Decreased Expression of GIRK1
To determine whether the decrease in parasympathetic responsiveness in the Akita mouse heart and the decrease in I KAch in atrial myocytes from these mice were caused by a decrease in expression of molecular components of the parasympathetic response pathway, the level of expression of GIRK1 was compared in extracts from atria of WT and Akita mice. Western blot analysis demonstrated 2 bands that had been previously shown to correspond to the glycosylated and unglycosylated forms of GIRK1. 21 Levels of both forms of GIRK1 were decreased by 52Ϯ8% (PϽ0.01) in Akita mice compared to WT ( Figure 2C and 2D). Although glucose levels in Akita mice ranged from 406 to 732 mg/dL, there was no correlation between the severity of hyperglycemia and changes in GIRK1 expression.
Insulin Treatment Reverses the Parasympathetic Dysfunction in the Akita Mouse
To determine whether the decreased response of the Akita mouse heart to parasympathetic stimulation might be an insulin-dependent reversible process, we measured the effect of insulin treatment on parasympathetic responsiveness and I KAch and GIRK1 expression in Akita mice. Implantation of insulin pellets in Akita mice decreased serum glucose from 510Ϯ14 to 118Ϯ16 mg/dL (nϭ7) with a 3-to 4-day time course. Duration of bradycardia was increased by 7.4Ϯ2.67 minutes (nϭ7, PϽ0.05) in insulin-treated mice, more than 2-fold higher than pretreatment levels ( Figure 3A and 3B). The recovery time of heart rate to 80% of resting levels following carbamylcholine injection increased from a pretreatment level of 7.4Ϯ2.84 minutes to 16.8Ϯ2.59 minutes in insulin-treated mice (nϭ7, PϽ0.05; Figure 3A and 3D). Finally, the absolute decrease in heart rate in response to carbamylcholine was 114.71Ϯ32.51 bpm greater in insulintreated mice compared to untreated Akita mice (nϭ7, PϽ0.05; Figure 3A and 3C). Thus, insulin treatment significantly reversed the parasympathetic dysfunction in the Akita mouse. These findings suggested that insulin might increase parasympathetic responsiveness in Akita mice via an effect on I KAch . To test this hypothesis, I KAch was determined in atrial myocytes from placebo and insulin-treated Akita mice. Carbamylcholine-stimulated peak inward current was Ϫ209.1Ϯ22.2 pA/pF (nϭ8) in atrial myocytes from placebo-treated mice and Ϫ520.2Ϯ40.1 pA/pF (nϭ9, PϽ0.01; Figure 4A and 4B) in atrial myocytes from insulintreated mice, which was not significantly different from that seen in WT mice (see Figure 2B) . Given the decreased level of expression of GIRK1 in the atria of Akita mice compared with WT, one explanation for the increase in I KAch in response to insulin might be an increase in the expression of GIRK1. Analysis of extracts of atria from placebo and insulin-treated Akita mice demonstrated that insulin treatment increased GIRK1 expression 2.74Ϯ0.11-fold (nϭ4, PϽ0.01) compared to placebo ( Figure 4C and 4D) . Effect of insulin on the heart rate response of Akita mice to carbamylcholine. A, Negative chronotropic response of Akita mice (DM) to carbamylcholine before and after treatment with slow-releasing insulin pellets (ϩIns). Glucose levels were monitored on alternative days and maintained constant by the insertion of additional pellets. Continuous ECGs were recorded as described in Materials and Methods. Mice were challenged with propranolol and carbamylcholine as described in Figure 1A . Data are the composite mean heart rates (ϮSEM) of 7 agematched Akita mice before (DM baseline) and 1 week following pellet implantation (DMϩInsulin). Quantitation of the response to carbamylcholine before and following pellet implantation, measured as described in Figure 1 
Insulin Regulates the Expression of GIRK1 in Cultured Chick Atrial Myocytes via an SREBP-1-Dependent Mechanism
Although culture of adult mouse atrial myocytes yielded sufficient cells for measurements of I KAch , the number of cells was not sufficient for Western blot analysis to determine the role of insulin in the regulation of either GIRK1 and/or SREBP-1 expression. Furthermore, antibodies have not proven effective for immunohistochemical analysis of either SREBP-1 and GIRK1 expression in mouse atrial tissues. Embryonic chick atrial myocytes constitute an excellent model for the study of the role of SREBP-1 in the regulation of I KAch . 17, 22 Hence, embryonic chick atrial myocytes were incubated with either insulin or vehicle, and the effect on GIRK1 expression was determined. Insulin increased GIRK1 expression 2.68Ϯ0.12-fold compared to control (nϭ4, PϽ0.01). This effect was specific, as demonstrated by the finding that the expression of G␣ s was unaffected by insulin ( Figure 5A and 5B) .
We had previously demonstrated that GIRK1 expression was regulated by the sterol-responsive transcription factor SREBP-1. 17 Although insulin had been shown to increase SREBP-1 expression in liver and adipocytes, 11, 12 the effect of insulin on SREBP-1 expression in the heart had not been determined. Insulin treatment of cultured chick atrial myocytes resulted in a small increase in levels of the 130-kDa precursor form of SREBP-1 and a 1.9Ϯ0.2-fold increase (nϭ3, PϽ0.05) in the 60-kDa nuclear form of SREBP-1 ( Figure 5C and 5D ). To determine whether this increase in SREBP-1 might play a role in insulin regulation of GIRK1 expression, cultured atrial myocytes were infected with an adenovirus expressing either green fluorescent protein plus ␤-galactosidase (Ad-GFP-␤gal) or GFP plus a dominant negative SREBP-1 (Ad-GFP-DN-SREBP-1), followed by incubation for 16 hours with and without insulin. Fluorescence microscopy demonstrated that GFP was expressed in 90% of atrial myocytes infected with Ad-GFP. Expression of Ad-GFP-DN-SREBP-1 decreased insulin stimulation of GIRK1 expression to levels similar to those in control cells in the absence of insulin ( Figure 5E and 5F), whereas expression of GFP with ␤gal had no effect on insulin stimulation of GIRK1 expression. These data support the conclusion that insulin stimulation of GIRK1 expression in atrial myocytes is dependent on SREBP-1.
SREBP-1 Levels Are Decreased in the Atrium of Akita Mice
The finding that SREBP-1 was regulated by insulin in cultured chick atrial myocytes suggested that insulin deficiency in Akita mice might result in a decrease in SREBP-1 levels in the atrium. Levels of the 60-kDa form of SREBP-1 in atria of Akita mice were decreased by 31.3Ϯ2.1% (nϭ3, PϽ0.05) compared to WT ( Figure 6A and 6B ). To determine whether this decrease in the level of SREBP-1 was associated with the hypoinsulinemia in the Akita mouse, Akita mice were treated with insulin pellets. Insulin treatment increased SREBP-1 by 2.1Ϯ0.2-fold (nϭ3, PϽ0.05) compared to mice treated with placebo pellets (Figure 6C and 6D ). Furthermore, in streptozotocin-treated mice, with average glucose levels of 457Ϯ12 mg/dL (nϭ10), SREBP-1 expression was also markedly decreased ( Figure I in the online data supplement). To rule out the possibility that the increased level of SREBP-1 in atria of insulin-treated Akita mice was attributable to the resultant decrease in hyperglycemia, Akita mice were treated with phloridzin, 23 an agent known to reverse hyperglycemia via the inhibition of glucose reuptake in the kidney, or vehicle 3 times a day for 10 days. Phloridzin treatment decreased Figure 5 . Insulin stimulation of GIRK1 expression chick in atrial myocytes is dependent on SREBP-1. A, GIRK1 expression in embryonic chick atrial myocytes cultured for 16 hours in the presence and absence of 100 nmol/L insulin, determined by Western blot analysis. Only a single GIRK1 band was detected in the cultured atrial myocytes. Blots were sequentially stripped and reprobed with specific antibody to G␣s and G␤. B, Mean intensity of GIRK1, determined by densitometric scanning of 3 independent experiments similar to that in A (*PϽ0.05). The relative intensity of GIRK1 normalized to G␤ in the absence of insulin was taken as 1. C, SREBP-1 levels in chick atrial myocytes cultured with and without insulin, determined by Western blot analysis. D, Mean intensity of the precursor (130-kDa) and processed (60-kDa) SREBP-1, determined by densitometric scanning of 3 independent experiments similar to that in C (*PϽ0.05). E, Effect of DN-SREBP-1 on GIRK1 expression in cultured atrial myocytes. Embryonic chick atrial myocytes were infected with an adenoviral vector expressing GFP plus DN-SREBP-1 or GFP plus ␤gal at the time of plating (multiplicity of infection of 20). On the third culture day, cells were incubated with or without insulin for 16 hours and harvested, and expression of GIRK1 was determined by Western blot analysis. F, Densitometric scanning of 3 experiments, similar to that in E. Data are normalized to the expression of G␤. *PϽ0.05. glucose levels to an average level of 284Ϯ24 mg/dL (nϭ7) compared to 586Ϯ11 mg/dL (nϭ6) in vehicle-treated mice but had no effect on SREBP-1 levels ( Figure 6E and 6F) , supporting the conclusion that this effect is independent of glucose levels.
Expression of SREBP-1 in Atrial Myocytes From Akita Mice Rescues the Impaired I KAch Response to Carbamylcholine
To determine whether the decreased levels of SREBP-1 in atria of Akita mice might play a role in the impaired response of the Akita mouse to parasympathetic stimulation, the effect of adenoviral expression of SREBP-1 in atrial myocytes from Akita mice on I KAch was determined. Florescence microscopy revealed that 90% of cells infected with adenovirus expressing either GFP plus ␤gal or GFP plus SREBP-1 were GFP-positive (Figure 7 , inset). Expression of GFP with ␤gal had no effect on peak inward currents in I-V curves derived from measurements of I KAch (compare DM cells in Figure 2A and 2B and control cells in Figure 7A and 7B) . However, infection of atrial myocytes from Akita mice with adenovirus expressing GFP plus SREBP-1 increased I KAch from
Ϫ186.2Ϯ17 (nϭ6) to Ϫ380.6Ϯ32.9 (nϭ7, PϽ0.01), which was not significantly different from I KAch in atrial myocytes from WT mice ( Figure 2B) . These findings supported the conclusion that SREBP-1 regulates the response of the heart to parasympathetic stimulation and that decreased SREBP-1 in the diabetic heart results in parasympathetic dysfunction.
Discussion
The parasympathetic response of the heart involves both a neuronal component carrying input from the central nervous system via the vagus nerve and an intrinsic molecular cardiac response pathway. 24 In the present study, carbamylcholine was injected into the Akita DM mouse to bypass vagal stimulation and directly activate the intrinsic parasympathetic signaling pathway in the heart. Thus, the finding of an impaired parasympathetic response to carbamylcholine in the type 1 diabetic Akita mouse supports the conclusion that the parasympathetic dysfunction in the diabetic heart may involve not only a neuropathy but also an abnormality of the intrinsic downstream parasympathetic signaling pathway in the heart. This pathway involves binding of acetylcholine to Forty-eight hours following infection, I KAch was determined in GFP ϩ cells, as described in Figure 2A . B, Mean of peak inward currents from 7 Ad-GFP-␤gal-infected cells and 7 Ad-GFP-SREBP-1c-infected cells from 4 separate Akita mice. **PϽ0.01. Inset, Fluorescence in a typical atrial myocyte infected with an adenovirus expressing GFP (90% of cells). the M 2 muscarinic receptor, dissociation of the heterotrimeric G protein G i2 into G␣ i2 and G␤␥ subunits, G␤␥ activation of (GIRK1) 2 /(GIRK4) 2 , and increased I KAch , resulting in hyperpolarization of the myocyte membrane and a decrease in heart rate. Changes in the level of expression of G␣ i2 have been shown to modulate the parasympathetic response in the heart and in atrial myocytes during embryonic development of the chick heart. 7 Viral expression of G␣ i2 in the mouse atrioventricular node was shown to increase parasympathetic response. 25 The finding that insulin treatment reversed parasympathetic dysfunction and stimulated GIRK1 expression in the atrium of the Akita mouse, while increasing I KAch in atrial myocytes from these mice supported the conclusion that decreased GIRK1 expression played a role in the parasympathetic dysfunction in the diabetic heart. Studies comparing GIRK4 expression suggested a similar decrease in GIRK4 expression in atria of Akita mice compared with WT (data not shown). Thus, data presented in the present study are the first to suggest that regulation of GIRK expression might constitute a molecular mechanism in the pathogenesis of the parasympathetic dysfunction in the diabetic heart.
Although heart rate is under the control of the sinoatrial node in which pacemaker currents (I f ) and Ca currents, as well as I KAch , contribute to the negative chronotropic response, in this study, we measured I KAch in atrial myocytes because I KAch is a critical mediator of parasympathetic signaling. 26 The use of atrial myocytes for measurement of I KAch is supported by the findings of Lomax et al, who demonstrated that I KAch has very similar electrophysiological properties in both sinoatrial node and atrium and that the major difference was the distribution of I KAch in a gradient across the superventricular structures of the mouse atrium with the highest density in the sinoatrial node. 27 A role of lipid metabolism in the regulation of the parasympathetic response of the heart is supported by prior studies in which growth of atrial myocytes in lipoproteindepleted serum (LPDS) resulted in an increased response to muscarinic stimulation in parallel with an increase in the expression of mRNAs coding for M 2 , G␣ i2 and GIRK1. 6, 22, 28 It has subsequently been demonstrated that growth of atrial myocytes in LPDS results in an increase in levels of SREBP-1 and that SREBP-1 regulates the expression of G␣ i2 in atrial myocytes in response to LPDS. 16 Furthermore, both the negative chronotropic response to parasympathetic stimulation and GIRK1 expression were decreased in atria of an SREBP-1 knockout mouse. 17 Taken together with the findings reported here that atria of type 1 diabetic Akita mice demonstrate decreased levels of SREBP-1 and GIRK1 and that insulin treatment increased the levels of SREBP-1 and GIRK1 in Akita mice, these data further support the conclusion that insulin might regulate GIRK1 expression via an effect on SREBP-1. The finding that insulin stimulated the expression of GIRK1 in cultured chick atrial myocytes and that overexpression of a DN-SREBP-1 inhibited insulinstimulated GIRK1 expression in these cells also supported the conclusion that insulin regulation of GIRK1 expression was dependent on SREBP-1.
Decreased I KAch in atrial myocytes from Akita mice would account for the decreased negative chronotropic response of these mice to carbamylcholine. Furthermore, insulin treatment of Akita mice restored the heart rate response to carbamylcholine in the intact mouse and increased I KAch in atrial myocytes from these mice to levels similar to those in atrial myocytes from WT mice. Finally, the finding that viral expression of SREBP-1 in atrial myocytes from Akita mice mimicked the effect of insulin and restored I KAch to levels similar to those in cells from WT mice was consistent with a role of SREBP-1 in insulin regulation of the parasympathetic response. Hence, these data suggest a mechanism for parasympathetic dysfunction in type 1 diabetes in which decreased insulin levels result in decreased SREBP-1, which in turn results in decreased expression of GIRK1, attenuation of I KAch , and parasympathetic dysfunction. The finding that glucose lowering by phloridzin 23 had no effect on SREBP-1 levels and that streptozotocin-treated mice, which demonstrate a less marked hyperglycemia compared with Akita mice, supports the conclusion that the decreased SREBP-1, the associated decrease in GIRK1 expression, and parasympathetic dysfunction in the type 1 diabetic Akita mouse are attributable to hypoinsulinemia and not to hyperglycemia. Insulin regulation of parasympathetic signaling in the heart via SREBP-1 constitutes a unique role for both insulin and SREBP-1 in a pathway not directly related to lipid, glucose, or fatty acid metabolism.
The finding that the decreased negative chronotropic response of the heart in the Akita mouse is attributable, in part, not only to a decrease in the magnitude of the initial carbamylcholine response but also to a decrease in the duration of bradycardia and an increase in recovery of the heart rate from bradycardia suggested that the impaired parasympathetic response might also involve differences in desensitization of the diabetic heart to carbamylcholine compared to WT. Although this study demonstrates an impaired negative chronotropic response to parasympathetic stimulation, data suggest that the basal heart rate in the Akita mouse is lower relative to WT. One explanation for this finding is that intrinsic heart rate, heart rate in the absence of autonomic stimulation, is decreased in the diabetic heart. Measurement of heart rate in the presence of propranolol and atropine demonstrated a trend to lower intrinsic heart rates in the Akita mice (data not shown). The mechanism for the lower intrinsic heart rate in the Akita mouse remains to be further studied.
These studies suggest that the cardiac autonomic dysfunction in diabetes, previously considered to be secondary to a "neuropathy," might require a redefinition to include a unique intracardiac molecular abnormality resulting in parasympathetic dysfunction. It is interesting to speculate that parasympathetic dysfunction in the diabetic heart might result in an autonomic imbalance that might predispose the heart to the development of ventricular arrhythmias and sudden death. Hence, the regulation of the intrinsic cardiac parasympathetic signaling pathway by insulin and SREBP-1 might offer new therapeutic targets for the treatment and prevention of autonomic dysfunction and sudden death in the diabetic population. 
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